The 5S rRNA genes of Neurospora crassa, unlike those of most organisms, are not tandemly arranged, and they are found imbedded in a variety of unique sequences.
found. We asked whether Neurospora 5S rRNA genes are dispersed on a chromosomal scale and whether genes of different isotypes are spatially segregated. We identified, by DNA sequencing, 5S rRNA genes in 22 5S DNA clones, and we mapped these genes by conventional crosses by using restriction fragment length polymorphisms in their flanking sequences as genetic markers. The results show that the 5S rRNA genes are distributed on at least six of the seven chromosomes. Their location does not appear to be completely random. Some of them are closely linked. One of the chromosomes carries a disproportionate number of 5S rRNA genes of the most common structural type, a; another chromosome carries three of the four mapped . 5S rRNA genes. None of the 5S rRNA genes studied maps dose to the nucleolus organizer, the site of the genes that code for the three larger rRNAs.
The existence of multiple copies of certain genes in eukaryotes poses questions about both how they originated and how their sequences are maintained identical over long periods of time (1) . It is generally assumed that multiple identical genes are descended from a single ancestral gene; this is also assumed for families of similar but nonidentical genes. One would expect that a high degree of redundancy would make it difficult or impossible to eliminate new mutations by natural selection. The various copies would probably diverge rapidly to the eventual detriment of the organism. In fact, this is not what happens. Instead, multiple-copy sequences usually remain identical within an organism while diverging between organisms. This phenomenon has been called "concerted evolution." Various mechanisms to account for it have been proposed, including unequal crossing-over, transposition, gene conversion, and RNA-mediated conversion (refs. 1-4 and references therein). All of these mechanisms involve either expansion and contraction of the family of genes, with loss of variability during the contraction phase, or "correction" of one sequence by another. Unequal crossing-over, which is an expansion-contraction mechanism, requires that the multiple-copy genes be arranged tandemly. In some lower eukaryotes (e.g., Saccharomyces cerevisiae), all four of the rRNA species are encoded in tandemly organized repeat units that include all or nearly all of the copies in the genome (5) (6) (7) . In most higher eukaryotes, the three larger rRNAs (18S, 5.8S, and 28S) are encoded in one or more tandem repeat units that constitute the nucleolus organizer(s), and the 5S rRNA is encoded in one or more tandem repeat units of its own. In Neurospora, the 5S rRNA is not encoded with the other three rRNAs, nor is it in any kind of a simple repeat unit. A great variety of different-sized restriction fragments of Neurospora DNA hybridize to 5S RNA (8) , and study of cloned genomic DNA showed that, at least in general, DNA fragments in the size range of 5-10 kilobase pairs (kbp) do not contain more than one 5S rRNA gene (2) . The 5S rRNA gene sequences are of a number of kinds, or "isotypes," but the majority are of one type called a. The bulk of Neurospora SS RNA matches the a genes, though at least some of the minority isotypes are transcribed. The flanking sequences in which the 5S rRNA genes are imbedded, even those that flank 5S rRNA genes of identical coding sequence, bear very little resemblance to one another (2, 9).
While we knew that 5S RNA genes were not generally linked on a distance scale of a few kilobase pairs, nothing could be said about possible linkage on the scale of ordinary genetic maps. The genome of Neurospora contains some 27,000 kbp divided among seven chromosomes (10, 11) , and it could not be excluded that the hundred-odd 5S RNA genes might all be within a region of a few thousand kbp on one chromosome arm without linkage having been detected at the level of restriction fragments. In particular, it seemed possible that concerted evolution would require all genes of a particular 5S isotype to be close together. We therefore decided to map a number of 5S RNA genes by standard genetic techniques. While marker differences in allelic 5S RNA genes themselves are not available, the flanking sequences of these genes proved to be highly polymorphic between strains. The existence of restriction fragment length polymorphisms (RFLPs-see refs. 12 and 13) allowed us to map a number of these genes with respect to conventional nutritional, color, and morphological markers.
MATERIALS AND METHODS
Neurospora crosses were made and progeny of random ascospores were isolated and scored for conventional markers by standard methods (14) . Partial diploids for particular chromosome arms were prepared from crosses of insertional translocation strains to Normal Sequence strains either by isolating the four black viable spores from nonparental ditype asci or by choosing random spores (15 
2067
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. flanking regions, as well as partial sequences of some of them, has been described (2) . Of the 35 clones we initially examined, 24 contained demonstrably different, nonoverlapping restriction fragments, and these 24 were used in the present study. The remaining 11 clones contained fragments identical to those of various members of the set of 24; it appears that some, if not all, of these were independently obtained clones of the same genomic fragment. Probes for genomic DNA digests were made by nick-translation (17) of 5S and flanking DNA cloned in X phage or in pBR322. In a few of the original X clones, more than one EcoPJ insert fragment was present; in these cases, individual fragments were recloned and the one to be used as a probe was identified by its ability to hybridize with 5S RNA. RESULTS Identification of 5S RNA Gene Isotypes. The 5S RNA regions of all but two of the 24 clones were characterized by DNA sequencing (18) . The 22 clones include 13 a-type 5S
RNA genes, 4 ,B-type genes, 1 each of y, 8, C, and q genes, and 2 clear-cut pseudogenes. One clone, 33, contains both and 17. The results are summarized in Table 2 . Each Neurospora 5S RNA gene with its flanking sequences was named to correspond to the isolation number of the X or plasmid clone to which it is homologous.
Finding RFLPs. We wished to cross marked laboratory strains to a second strain that was closely enough related to mate with it well but distant enough to have accumulated a large number of restriction site differences. DNA samples from two laboratory wild types (Oak Ridge 74-OR23-1 a and 5297 a), nine "exotic" wild-type N. crassa strains, and one N. intermedia strain (Honduras a) were digested with BamHI, blotted to nitrocellulose, and probed with nicktranslated pKD52, which contains about 6 kbp of Neurospo- and flanking sequences except pKDO02, which contains a HindIII fragment of the tandemly repeated rDNA of the nucleolus organizer (8, 19 ). *The genes for which the isotype is given in parentheses have not been sequenced in their entirety. The portions that have been sequenced are consonant with the indicated isotype and are discordant with all other known isotypes. However, it is not excluded that they might differ from the canonical a or 13 sequences at one or more nucleotides, as does gene 17, an a' isotype; this has two compensating differences from a and gene 13 has one difference from the canonical 13 (unpublished data).
tThe enzymes listed are those used for mapping. In some instances, different enzymes were used in mapping a gene in progeny of different crosses. Not listing an enzyme means only that it was not used, not that the strains were monomorphic for that enzyme.
ra DNA, including an a 5S RNA gene (2) . The autoradiogram in Fig. 1 shows a number of strong bands homologous to the large flanking sequences, and a much greater number of very faint bands due to restriction fragments homologous only to the transcribed region of pKD52. Fig. 2 . The sample chosen for further study was not random but was deliberately enriched about 1.8-fold for progeny showing crossovers that would help determine gene order. Hence the data (Table  3) , if taken without correction, would exaggerate the map distances about 1.8-fold and would also distort the relative distances somewhat. In some crosses, we have used random progeny or ordered tetrads. The distance implied by the composite data should be thought of as semiquantitative because of the relatively small number of crossover progeny involved and because of the variability of crossing-over with differences in genetic background. Despite these limitations, we were able to make an informative map of this and other linkage groups, using other conventional genes and RFLPs (Fig. 3) (21) .
Mendelian trait but showed no linkage to its centromere (21) . This suggested that it was very distally located on some chromosome arm and might fail to show linkage even to the most distal known marker on that arm. We were able to map this gene near the tip of the right arm of LG IV by the use of a series of quasiterminal translocations (11, 23) . The principle of this sort of mapping is shown in Fig. 4 . A translocation-bearing strain with the genetic background of the standard laboratory strain (in this case, Oak Ridge) is crossed to an "exotic" strain showing a restriction site difference in the gene being investigated (in this case, Mauriceville-ic A). Partial diploids are isolated and classified. Both the hypothetical gene P, which is near the tip of the donor linkage group, and the hypothetical gene Q, which is near the tip of the recipient linkage group, can be mapped by the Oak Ridge-Mauriceville polymorphism. If a few (5-10) partial diploids are examined for RFLPs with respect to gene P, both allelic forms will be detected in each progeny; the exceptions, of course, will be those that have become homozygous by crossing-over. If they are examined with respect to gene Q, all or nearly all of the partial diploid progeny will be the Qo allele; in effect, the translocation creates a very distal marker. By use of nine existing quasiterminal translocations, we were able to test the distal region of both arms of all seven linkage groups except LG IIIL as a donor, as a recipient, or both (refs. 11 and 23; D. Perkins, personal communication). One particularly informative cross involved LG IVR as donor. Seven partial diploids from a cross of Mauriceville to the translocation T(IVR-IVR)ALSJS9, ylo-I were scored for the clone 4 polymorphism. Of these, two were like the Mauriceville parent, two were like the translocation parent, and three were heterozygous, unlike progeny from any other cross. The existence of heterozygotes shows that pseudogene NSSPI is on LG IVR. (The isolation of homozygotes as well is to be expected, because the entire right arm of LG II is duplicated in the partial diploids and because crossingover proximal to NSSPJ will produce homozygotes.) Two crosses that involve LG IVR as the recipient confirm the location of the pseudogene on this linkage group. Among 23 progeny (6 from Mauriceville to T(VIL-4VR)T54M50 het E a, and 17 from Mauriceville to T(IIR-+IVR)0Y337 a), 22 retained the parental allele of the pseudogene. Occurrence of only one crossover between NSSPJ and the LG IVR tip shows that the pseudogene is located near the right end of LG IV.
DISCUSSION
A number of multiple-copy gene families are not organized as tandemly repeating units. Some of the related genes are nevertheless so close to one another that two or more of them are found within the distance scale of restriction fragments. Examples are histone genes in the chicken (24) , the kallikrein gene family in the mouse (25) , and the genes for larval cuticle protein in Drosophila (26) . Other multiple-copy genes are scattered, apparently randomly, around the genome. Examples are the tyrosine tRNA genes (27) and the genes of sucrose fermentation in yeast (28) and actin genes in mice and humans (29) . Still other related gene families are nonrandomly distributed among chromosomes, yet are too far apart for linkage to be detected on the scale of restriction fragments. In the U1 family of genes in humans, for instance, no cloned DNA fragment has been shown to carry more than one U1 gene; nevertheless, analysis of aneuploids from interspecific hybrid cells shows that most, and perhaps all, of the hundred-odd genes are on a single chromosome (30, 31) .
Classical mapping methods can give information in the distance range intermediate between restriction fragments and whole chromosomes. Of the 24 cloned restriction fragments we examined, we have been able to assign a chromosomal location to 23 of them. The exception, corresponding to gene 37, codes for a 5S RNA gene or pseudogene that has not been sequenced. The fragment carrying this gene hybridizes rather strongly with two unlinked sequences in the genome so that we have been unable to map it. One of the 23 mapped fragments, clone 33, carries two 5S RNA genes of different isotypes, 4 and q, separated by about 800 nucleotides (unpublished data); thus 24 of the approximately 100 copies of 5S DNA have been mapped. From this sample, it is possible to see certain patterns:
(i) The 5S RNA genes are present on at least six of the seven chromosomes, and in the case of 5S RNA genes on the same chromosome, there are often (perhaps always) essential, single-copy genes between them. Therefore, an unequal crossover would be a lethal event.
(ii) None of the 5S RNA genes mapped is close to the rDNA of the nucleolus organizer. If the 5S RNA genes were at one time in the nucleolus organizer in Neurospora as they are in Saccharomyces (5, 6) , that history is not revealed by their present distribution in the genome.
(iii) While the 5S RNA genes map in many places, their total distribution is not random. The total map length of the Neurospora genome is indeterminate because recombination is highly variable, but it has been estimated as at least 1000 centimorgans (11) . Genes 32 and 54 have not been separated by crossing-over among some 76 progeny in which they have both been scored, nor have there been any crossovers between genes 21 and 34 among 61 progeny. In the case of clone 33, there are two 5S RNA-coding sequences on the same EcoRI fragment. The distribution of isotypes on the seven linkage groups is also nonrandom. LG II bears 8 of the 13 mapped a genes. The probability of exactly 8 of 13 genes all being on one of seven linkage groups by chance alone is (7)(1/7)8 (6/7)5(13!/8!5!), or 7.2 x 10-4, and the probability of 8 more being on one is 8.6 x 10-4. If we ask the more general question about the probability of an overall distribution among all linkage groups being this skewed, we find a value of about 0.005 (X = 18.8, six degrees of freedom). A fairly small segment of the right arm of LG IV carries three of the four mapped ,8 genes. The probability of three or more of the four genes being even on the same linkage group is 0.068, and the probability of their being on the same arm is obviously smaller. If the calculations are done with corrections for differences in lengths or in number of already-known genes on LG II and LG IV, the significance of deviations from randomness is not decreased.
Why are the 5S RNA genes nonrandomly distributed? One hypothesis that can be discarded is that N. crassa is a species that resulted from recent hybridization of two ancestral species, one of which contributed its LG II carrying its a genes, and the other of which contributed its LG IV with it, f3 genes. We have examined the 5S RNA of a number of other species of the genus Neurospora, as well as members of the related genera Gelasinospora and Sordaria. In each case, the major isotype of 5S RNA has a sequence identical or very similar to that of a from N. crassa, and the second most prevalent isotype is identical or very similar in sequence to 8 (32) . If these isotypes were brought together in one organism by hybridization, the event must have occurred well before the divergence and reproductive isolation of these species and genera.
Another possibility is that a certain degree of proximity between 5S RNA genes of the same isotype may favor maintenance of homogeneity by gene conversion. Finally, it is possible that, historically, the proliferation and dispersal of genes of a particular isotype happened by a mechanism that tended to transpose copies of the ancestral gene to other sites on the same chromosome. Once dispersed, the chromosomal locations of the 5S RNA genes appear to be quite stable (9) . Those genes that have come to reside on a different chromosome could have reached their present day location either by an interchromosomal transposition or by a classical translocation, in which it would be accompanied by a relatively large piece of unique-sequence DNA. We regard the latter as unlikely. The rarity or absence of translocations among N. crassa strains collected worldwide from nature (33) and the genetic maps of Neurospora species other than N. crassa indicate that chromosomal rearrangements, frequently seen in the laboratory, are seldom fixed in natural populations (11, 23, 33) . We are left with the possibility that one or both "correction" mechanisms, gene conversion or RNA-mediated correction, prevent the rapid divergence of multiple copies of a-type 5S RNA genes. How such correction mechanisms operate within an isotype without "correcting" the various isotypes out of existence remains a matter of speculation. 
